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Abstract
Recent research has focused on the fabrication freedom of 3D printing to create not only
conceptual models but also final end-use products. In the last decade, several research groups have
reported embedding electronic components and electrical interconnects into 3D printed structures during
process interruptions; however, to date there is an absence of fabricated devices with electromechanical
functionality for parts fabricated in a single Additive Manufacturing (AM) build sequence.
The focus of this research is the use of Fused Deposition Modeling (FDM) to manufacture a selfsupported electromechanical motor. FDM is an AM process capable of building parts in a layer-by-layer
fashion. A uPrint SE Plus (Stratasys, Edina, Minnesota) (a relatively low-cost FDM system), was used
to manufacture an electromechanical device. Economical, out-of-the-shelf electrical and mechanical
components were used to fabricate the device. A three-phase brushless direct current (DC) motor was
chosen because of its easy assembly and minimal requirement of electrical and mechanical components.
The motor requires electromagnets, permanent magnets (PM), an electronic speed controller, and ball
bearings to function. The three-phase brushless DC motor was manufactured in a process interrupt
method where pauses during fabrication were strategically place during the build for the embedding of
the electrical and mechanical components. Furthermore, surfaces angled at 45-degrees from horizontal
were used in the design to prevent the deposition of internal support material and prevent thermal shock
of the electronic components.
The three-phase brushless DC motor was designed using an iteration process. The first iteration
worked as a proof-of-concept while the second design contains improvements including reduction of
mass, fabrication time, and size. The iteration process on the design was done to determine the
performance improvements that can be achieved. Thus, the second and final iteration successfully
reduced the fabrication time by 2hours (26%), mass by 60g (40%) and size by 40 cm3 (40%)
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Chapter 1

Introduction

1.1 Background
Additive Manufacturing (AM) or 3D printing is a relatively recent building process
developed in the 1980’s (Gibson, Rosen & Stucker, 2010). This process builds parts from a
computer aid-design (CAD) file, in a layer-by-layer fashion. The parts manufactured by these
technologies are used for prototyping, tooling, molding, medical application, and clothing.
Recently, there has been interest in embedding conductive inks as well as electrical and
mechanical components into AM parts (Gibson et al., 2010).
As an example, in Lopez, MacDonald, and Wicker (2012), the authors describe the process in
which an electronic circuit made with Direct Write (DW) (conductive ink process) and electrical
components were embedded into a stereolithography (SL) part (Figure 1-1). SL system, is a
photo-solidification AM process in which a ultra violet laser cures a thermoplastic (resin) at
room temperature (25 °C) to form parts(Gibson et al., 2010). The electronic circuit was
described in Lopez et at.(2012) paper was achieved by stopping the build, depositing the
conductive ink, and embedding the electrical components without removing the part from the
machine. Once this was done the build was resumed
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.

Figure 1-1 SL part with embedded electrical components and conductive inks (Lopes et al., 2012)

However, this type of research has focused mainly on the photo-solidification process or SL
technologies to develop the substrates where the components are embedded. There are other
types of AM technologies that can be used for this type of application, such as Fused Deposition
Modeling (FDM), which is production is done at envelope temperatures (80 – 225 °C) that will
not damage the embedded conductive inks and the mechanical or electrical components. Even
though this area of research is growing, extensive work needs to be done.
FDM is an extrusion based AM process in which a thermoplastic (ABS, PLA, ULTEM, etc.)
in a filament form is feed into the inlet of a liquefier using a set of stepper (ASTM, F2792 −
12a). Inside of the liquefier, the thermoplastic is heated above its glass transition temperature
(i.e. ABS glass transition temperature is 108 C) until the material soften enough to flow. The
material will then flow into a nozzle located at the other end of the liquefier (outlet). The
material being extruded is then deposited into a building platform from the opposite end (outlet)
and moves in the X and Y directions to form layers according to a build file. Once a layer is
complete, the build platform will move down typically 0.254mm for the next layer to be built.
This procedure is repeated until the part is finished (Figure 1-2). In order to achieve a more
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complex build, a support material is used; this support material is removed at the end of each
build. The support material can be either water soluble or breakaway. The breakaway support
material is removed by hand while the water soluble support material is dissolved in hot water
(135 °C) with the help of an ultrasonic tank. The material use to build the part (model material)
determines what kind of support material can be used.

Extrusion Tip
-X

X

-Y
Model Material

Y

Support material
Figure 1-2 Schematics of FDM systems process

1.2 Motivation
The increasing success of FDM has allowed this AM process to evolve since its release and
is now widely used in the automobile, dental, defense, architecture, entertainment, and medical
industries (Stratasys, 2013). FDM has some advantages such as freedom of design were
complex part can be manufacture and internal mesh like structures to manufacture lighter parts.
Nonetheless parts manufacture by FDM are mainly used for custom fixtures, housing, flameretardant vents, and tooling (Stratasys, 2013). Therefore, the basic research questions are:


Are these the only applications for FDM parts?



Can we use these technologies to manufacture something more complex with moving
parts, such as a motor?
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For this thesis, a self-supported three-phase DC motor was designed and manufactured
using FDM technologies in a single build sequence—wherein economical mechanical and
electrical components (under $10 US dollars) were embedded into a polymer substrate. This was
done in a process interrupt method where pauses during fabrication were strategically place
during the build for the placement of the components. If developing the process of
manufacturing a functional electromechanical structure in a single build is successfully
completed the applications for FDM-fabricated parts could increase. Were electromechanical
device can easily be built with just needing components (electrical and mechanical) and a lowcost FDM unit. For example this can be used in space were weight and volume are crucial when
traveling from earth to space due to the fuel consumption this may represent. Instead of
transporting the electromechanical devices to space they can easily be manufacture in the space
station with the use of cheap components (electrical and mechanical) and a 3D printer.
1.3 Thesis Objectives
The four thesis objectives include:
1.

Design a brushless three-phase DC motor that can be fabricated in a low cost FDM
system (uPrint) and test its functionality.

2.

Preform an iteration process on the design to determine the performance
improvements that can be achieved.

3. Find a method to prevent thermal shock of electronic components during the
embedding process throughout the built.
4. Manufacture a functional brushless three-phase DC motor capable of starting up after
it is removed from the machine.
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1.4 Thesis Outline
The following material is divided into five chapters. Chapter 2 contains an overview of
AM and FDM, as well as topics related to the manufacturing of the three-phase DC motor
described in section 1.2. These topics include a description of the embedding of electrical
components into the AM substrate as well as an overview of electrical motors. In Chapter 3, the
methodology design of the three-phase DC motor is explained. Details of the methodology used
to manufacture the three-phase DC motor are described in Chapter 4, while Chapter 5 contains
the results, conclusions, and future work.
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Chapter 2

Literature Review

2.1 Introduction
AM is a manufacturing process in which a complex part is produced directly from a three
dimensional Computed Aid Design (CAD) file in a layer-by-layer method. Parts fabricated with
AM technologies are built within hours with little human intervention, unlike conventional
manufacturing (CNC, lathe, milling)—wherein fixtures, mold, expensive tooling, process
planning, and human intervention are needed. Previously, AM processes first used for
prototyping purposes (Pharm, 1997). AM gives the freedom to produce models of threedimensional drawings allowing to check the assembly and functionality of the design before
going into production (Pharm, 1997). RP technologies also helped minimize the errors in the
building process, product development costs and lead times (Pharm, 1997). It was not until 2009
that the ASTM committee adopted the terminology additive manufacturing when referring to
rapid prototyping (ASTM F2792, 2012).
When manufacturing a part using AM technologies, the user must undergo seven
standard steps: (1) Create a three-dimensional CAD drawing; (2) convert the CAD drawing into
a stereolithography file (STL); (3) transfer the STL file into the AM system proprietary software
to produce the tooling commands and to determine the size and orientation of the part; (4) set up
the AM system; (5) build the part where minimal human intervention is needed; (6) remove the
part from the AM system; and (7) conduct post processing of the part. The post processing of
the part may vary depending on the AM technology being used; some parts might not need post
processing, but others may require removal of support structures, sanding, painting, and
machining. AM technologies are divided into seven categories: (1) binder jetting, (2) directed
energy deposition, (3) material extrusion, (4) material jetting, (5) powder bed fusion, (6) sheet
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lamination, (7) vat photopolymeration, (ASTM, F2792 − 12a ). Due to its large range of
technologies, AM gives users the flexibility to choose which system will best suit their needs.
2.2 Fused Deposition Modeling (FDM)
FDM is an AM technology released by Stratasys Inc. in the early 1990’s. FDM utilizes a
polymer extrusion based process in which parts are built in a layer by layer manner depositing
heated thermoplastics (e.g. ABS, PLA, and PC) onto a build platform. Previous FDM systems
were used for prototyping, but after several improvements in these technologies, parts are now
being used in industry as end-use products (e.g. fixtures). This AM technology is widely used
because of its increasing popularity, reliability, safety, simple fabrication process, and low cost
of material (Wohler, 2012). FDM is one of the most used AM technologies in industry along
with SL and selective laser melting (SLM) (Wohler, 2013).
The main components of the FDM system are the head, building platform, and building
chamber. The most important component in the system is the head of the machine, because it is
where the extrusion process occurs. The head consists of a set of stepper motors, heating
elements, liquefiers, support tip, and model tip. The tip and liquefier in current FDM system
(e.g. Fortus 400mc and Fortus 900mc) are incorporated into a single component, while the FDM
legacy systems (e.g. FDM 1600, FDM 2000 and FDM 3000) tip and liquefier are divided into
two different components. Other differences between current and legacy FDM systems are the
liquefier shape and material selection. The current systems have a straight liquefier while the
legacy systems have a 90-degree bend, which can be an issue during building since the material
can collect at the bend, clogging the liquefier and affecting the flow of the polymer as discussed
in by Mireles et al. (2013). The material selection is also broader for the current systems.
Tables 2-1 and 2-2 list the materials available for the current and legacy FDM systems.
7

Table 2-1 List of materials available for current FDM systems (Stratasys, 2013)

Table 2-2 List of materials available for legacy FDM systems (Stratasys, 2013)

Any system ten to fifteen years old is considered a legacy system (Wohler, 2013).
Stratasys legacy systems are still being used by universities and research labs to determine the
processing parameters of non-commercialized materials. FDM legacy system hardware is
controllable, allowing the user to change the building parameters (model temperature, envelope
temperature, motor speeds, and head speed). Preforming parameter modifications in current
systems is extremely difficult because the material comes inside a canister which has a cartridge
chip that already contains the building parameters. The W.M. Keck Center for 3D Innovation at
UTEP has been able to build with non-commercial materials such as Poly (methyl methacrylate)
(Espalin et al. 2010) and solders (Mireles et al, 2013).The process used to determine the building
parameters for these will be explained later in this section.
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The FDM system works by driving a thermoplastic filament (ϕ=1.75 mm), into a liquefier
using a set of stepper motors. Within the liquefier, the thermoplastic is heated above its glass
transition temperature until is soften enough to flow inside of the liquefier The pushing force
generated by the stepper motor drives the thermoplastic filament into the liquefier entrance,
producing the necessary pressure needed for the material extrusion. The material is then
extruded at the other end of the liquefier though a tip that works as a nozzle. Usually, FDM
systems have four tip sizes: T10 (ϕ=0.127 mm), T12 (ϕ= 0.118mm), T16 (ϕ= 0.254mm), and
T25 (0.33 mm). The material being extruded through the nozzle is then deposited into a building
platform (e.g. foam or acrylic sheet) with movements in the X and Y direction to form a layer. A
layer consists of six components: (1) a contour which is the border of the layer, (2) a set of
rasters which are the infill of the layer, (3) the seam line which indicates where the contours
begins and ends, (4) a raster to raster air-gap (which is the gap between rasters), (5) a contour to
contour air-gap (the gap between contours), and (6) the raster-to-contour air-gap, or the gap
between the rasters and contour. Figure 2-1 shows the FDM layer set up.

Air gap

Contour

Raster

Seam line

Figure 2-3 Components of the FDM layer (Espalin et al., 2010)

Rasters can be built with any combination of 0°, 30°, 60°, 45°, 90°, -30°, -60°, and -45°.
The raster angle is determined with respect to the X axis of the building platform. The rasters
and contours are built with a continuous material deposition, with a small pause when
transitioning from one to the other. The raster width and contour width can be determined, as
9

well as the size of the air-gaps, by manipulating Stratasys FDM proprietary software (Insight).
Modifying these parameters may improve the mechanical properties (Mohammed et al., 2013).
After a layer is built, the building platform moves down a specific distance in the Z direction for
the next layer to be built. The distance which the building platform moves down is determined
by the layer height. The height of each layer can be modified by the user using Insight. FDM
parts can be built utilizing three different layer heights (0.177, 0.254, and 0.33 mm); note that a
smaller layer height and tip size will improve the part resolution. Layers built with the FDM
systems are thermally bonded. As the new layer is being deposited, the heat generated thermally
activates the bottom layer, allowing both layers to bond. FDM systems can build complex
geometries by using a support material which can be water soluble or can break away depending
on the model material. The support is removed after the build is completed. A controlled
envelope with heaters is used during the build to prevent the part from warping or undergoing
delamination at corner features. This warping occurs due to material shrinkage of the bottom
layers during the build.
As mentioned before, FDM legacy systems are used to determine the processing
parameters for non-commercial materials. Even though not relevant to my thesis this can assists
researchers in determining the processing the parameters of non-commercial FDM materials
containing iron particles for the manufacturing of AM electromechanical devices. Iron is a
material which has a high permeability property (8.0×10−4 H/m) when compared to plastic
(

H/m) (Matweb, 2013). Permeability is an electromagnetic property which enhances

the magnetic field created by a current flowing through a wire when wrap around a structure or a
core (Hanselman, 1994). New materials for FDM systems are needed in order to increase this
AM technology’s applications (e.g. medical, rapid tooling, and fixtures). As an example, Espalin
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et al. (2010) manufactured patient-specific implants for craniofacial reconstruction and
orthopedic spacers, out of Poly (methyl methacrylate) (PMMA), using an FDM 3000 system.
Processing new materials for FDM technologies is a challenging task, because there are four
main parameters that need to be determined in order to achieve a successful deposition process:
(1) the model temperature, (2) envelope temperature, (3) motor speed and (4) head speed. The
model temperature is the temperature which the model material needs to be at for successful
extrusion. The envelope temperature is the temperature of the building chamber so the new
building material and the support material can be bonded without any delamination. The motor
speed determines the feed rate of the thermoplastic filament into the liquefier and the head speed
determines the transverse speed of the head during fabrication. The head and motor speed are
adjusted through the automated control language (ACL), which is the code language used by the
FDM legacy systems. The head and motor speeds are units of stepper rate (SR); 1000SR
corresponds to 25.4 mm/s. The model and envelope temperature are modified using a set of
Watlow temperature controllers (Watlow, St. Loius, Missouri) located at the outside of the FDM
legacy machine.
To process a new material with the FDM legacy systems, the material must reach a semimolten state in the liquefier to be extruded. An amorphous material is best suited for the FDM
process because amorphous polymers lack the long-range order of a crystalline material and does
not undergo drastic volume changes (shrinkage) when cooling (Raoux & Wuttig, 2009). Semi
crystalline polymers can also be used, because they contain a combination of crystalline and
amorphous structures (Raoux & Wuttig, 2009). When processing a new material, it is necessary
to examine the filament for any sign of humidity or air bubbles. Examining the filament is easily
done by cutting a small cross sectional area of the filament and evaluating it using a
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stereomicroscope. Air bubbles within the filament might result in the deformities of the rasters
and contours. This is because at the time of the extrusion the air trapped in the filament is
released reducing the amount of material being deposited in each layer. Once the filament is
analyzed, a compression test (ASTM D5024) should be performed using a dynamic mechanical
analysis (DMA) machine. This type of analysis will determine how ductile the material is
compared to ABS. If a material has a compressive strength less than the ABS (60 MPa), it might
have a hard time flowing through the 90-degrees bend of the FDM legacy liquefier due to
pressure buildup at the bend. A new liquefier design (Figure 2-2) is described in Mireles et al
(2013).

Isometric View

Front View
Top View

Figure Error! No text of specified style in document.-4 FDM 3000 modify head and liquefier for processing noncommercial FDM materials (Mireles et al. 2013)

The following steps have only been done with the FDM 3000. After the filament
evaluation steps are completed, the new model material can be extruded. In order to start the
extrusion process the temperature upper limit of the material should be obtained. For example
the temperature upper limit of Polycarbonate (PC) is 420 °C (Patel et al, 2010). The temperature
upper limit of the material will determine the maximum temperature before the material
mechanical properties can be affected. As a starting point, the model material temperature
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should be set lower than the material’s upper limit. If the model material temperature needs to
be modified, it cannot be elevated wherein the material is extruded in a liquid state or decreased,
causing the material to buckle and clog the liquefier inlet. During the early stages of extrusion, it
is advisable to remove the tip and stepper motor of the model liquefier and push the material by
hand or with the help of pliers. This helps with finding a good approximation of the necessary
model extrusion temperature. Once the model temperature is obtained and the material is able to
flow inside the liquefier when pushed by hand, the stepper motor should be installed. As soon as
the motor is installed, the load gain needs to be determined. The load gain determines the feed
rate of the stepper motor when loading the material into the liquefier. The load gain is a unit of
percentage, a set proprietary velocity, devised by Stratasys. The stepper motor load gain is
modified by accessing the control panel menu of FDM legacy systems. The user can then enter
the control panel menu by pressing the space key followed by key numbers 2, 3, and 9, located at
the keypad of the control panel. After gaining access to the control panel menu, key number 3
needs to be pressed in order to enter the load gain option. The control panel can be observed in
Figure 2-3.

Figure 2-5 FDM 3000 control panel

Please note that the load gain is not the speed of the motor while building. The load gain
is the loading feed rate. If the material buckles, the temperature should be increased, but if this
does not work then the load gain should be decreased. After obtaining the temperature that
13

works with the stepper motor the tip can then be installed. It is recommended that a T16 (ϕ=
0.254mm) tip be used since it is the biggest tip available for the FDM legacy system. The larger
tip will help reduce the pressure buildup at the tip, enhancing the flow of the material. At this
point, if the material comes out in a liquid state the temperature should be lower. If the material
buckles at the liquefier’s entrance, it is advisable to increase the temperature to reduce the
viscosity of the polymer, allowing it to flow better inside of the liquefier. A load gain of 30 % is
recommended when loading the new material because it resembles the motor speed when
building with ABS. With the model temperature acquired, a calibration file needs to be
generated. The calibration file will determine the appropriate distance (0.254mm) and alignment
between the model and support tips in order to achieve a proper bond between the materials
when building a part. Also, the calibration file helps control the contour width (0.762 mm) and
layer height (0.254 mm) of the part. The distance and alignment between the model and support
tips are controlled using the Stratasys interface software FDM Status, while the contour width is
manipulated using the control panel menu. After obtaining access to the control panel menu
using the steps previously explained, the user should select options CAL MODEL A and CAL
MODEL N by pressing key numbers 1 and 2 respectably. CAL MODEL A represents the
starting section of the calibration file while CAL MODEL N denotes the end section of the
calibration file. If the contour width is under 0.762 mm the number in the CAL MODEL A and
CAL MODEL N displayed in the control panel window then the extrusion amount should be
increased to extrude more material. For example, if a 2 is entered in CAL MODEL A and CAL
MODEL N, the extrusion of the model material is increased by two percent. If the contour width
is oversized, a smaller number should be entered.
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Building with an experimental material part might display imperfection. These
imperfections can be prevented by making changes to the ACL code. Extra material at the
beginning and end of each layer as well as inconsistent deposition of the material are some of the
imperfection that a part may present. A detailed explanation of the line that needs to be changed
in the ACL code can be found in the following discussion. This part of the code was taken from
the Stratasys FDM 2000/3000 manual.
PD.08, 41; MM; MM0, 53; MM006, 100; MM-70,175; SR800; AC5;
The PD.08, 41command represents the delay of the head before the build of each layer. During
this delay, the stepper motors will extrude a small amount of the model material. The .08
represents the delay time in seconds while the 41 is the RPM rate of the stepper motor during
the extrusion. The RPM rate is changed using only even numbers. The code section MM;
MM0, 53; MM006, 100; MM-70,175; SR800; AC5 sets the new toolpath width. The MM
clears all previous toolpath widths; MM0, 53 states the beginning of a layer while 53 represent
the flow rate at the beginning of the layer. MM006, 100 represents the starting layer distance of
0.006 inches (0.1524mm) in which the flow rate will be 53. After this distance, the flow
command will change to 100. 100 is a gain number. Gain numbers are not specified in RPMs.
They refer to RPMs per head speed in inches per second. This means that the wheel speed is
dependent upon the head speed. The gain number must be an even integer between 0 and 254.
The MM-70, 175 commands specify the distance of 0.70 inches (17.79mm) before the layer
ends. At this point the stepper motor rolls back the model material from the tip. This is used to
prevent excess material from being deposited at the end of each contour and rater. At this
distance, the flow command changes again to 175. The flow command for this section needs to
be in odd numbers 139-255. Finally, SR800 (20.32 mm/s) represents the speed (20.32 mm/s) of

15

the head during the build while AC5 specifies an acceleration rate of 5 inches/second (127
mm/s) every time the head changes position. Following the previous steps as well as the
manipulation of the ACL code can result in obtaining the processing parameters of a
noncommercial material.
2.3 Embedding of Electronic Components.
AM parts mainly focus on mechanical applications such as customized fixtures, housing
rapid tooling, and the prototyping of three dimensional drawings. Nevertheless, due to
improvements in AM technologies, as well as the increase in interest in this type of
manufacturing, researchers have incorporated electrical components into AM substrates through
the use of conductive inks or materials. Generally, for this procedure, an SL and DW system are
used (Lopez et al., 2013, Lopez et al., 2006, and Medina et al., 2005). The SL machine provides
the AM substrate, while the DW station deposits the conductive material or ink. The SL system,
a photo-solidification process, is a good AM technology for this type of application due to its
high density (low part porosity) and high feature definition (Gibson et al.,2010). DW is an AM
technology in which two- or-three- dimensional structures, about 5mm to 50μm, can be
fabricated in a complex geometry without the need of any tooling (Gibson et al.,2010). Lopez et
al. (2013) explain how improvements in the development and manufacturing of integrated
circuits (ICs) and electronic devices using AM can present new opportunities for manufacturing
innovation. These improvements consist in manufacturing ICs through three dimensional
complex structures at different depths, which will allow for a reduction in volume and weight,
since traditionally ICs are manufactured by placing components in a planar array that limits the
space where the components can be placed (Lopez et al. 2013).
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In the late 1998 Weiss and Prinz expressed interest in the development of AM parts with
electrical components. Kataria and Rosen (2001) explained a process in which components can
be embedded into SL parts by creating cavities within the part design. During the part
fabrication, the build will be stopped, and the component inserted. After the component is
inserted, the process will resume. It was not until 2004 that Palmer et al. introduced AM parts
with DW conductive inks on its surface. Medina et al. (2005) emphasized Palmer’s research, by
depositing inks into an AM substrate using a hybrid system in which the DW was incorporated to
the SL machine. This procedure was accomplished by stopping the SL build at a certain layer
height, in which the conductive ink was deposited into the SL substrate and then curated. After
the conductive ink was cured, the build was resumed. Lopez et al. (2006) showed success in
embedding nine electrical components to manufacture a time sensor, using the system and
method explained in Medina et al. (2005) system. This was accomplished by adding cavities
into the SL substrate in order to embed the electrical components. The cavities were placed in
the design during the design process. The DW was then used to connect the embedded
components. Researchers have also studied electromechanical systems using DW. Malone and
Lipson (2006) were able to build a functional Zn-air battery using an AM open source system
(FAB@Home Model 1), which consists of an ink dispensing nozzle as well as an extrusion based
system for the substrate. In other publications, Malone, Berry, and Lipson, (2008) explain other
uses for the FAB@ Home Model 1 system. Malone et al. (2008), the authors built a simple
electrostatic biocompatible actuator using conductive silicon as well as a silicone based
substrate. Unfortunately, the AM build actuator only had a service life of two to three actuation
cycles, but this displays a clear interest in increasing functionality of AM parts. Parallel to
Malones et al, 2008 works, a cleverly designed FDM printed stepper motor was manufacture, but
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the fabricated parts required a final assembly process and could have been easily fabricated with
traditional manufacturing (Hawkins, 2013). Consequently, the example does not take advantage
of having access to individual layers during a build with AM and seems to offer no significant
advantage in AM other than the reduction in amortizable cost of the initial units by eliminating
expensive tooling (Aguilera et al, 2013)
Recent research has focused on using FDM-fabricated parts as the substrate when
embedding electrical components ( Shemelya, et al., 2013; Aguilera, et al., 2013). Shemelya et
al., (2013), and Aguilera et al., (2013) embedded electrical and mechanical components into
FDM parts to produce a touch probe sensor and a functional three-phase DC motor, respectively.
The three-phase DC motor discussed throughout the rest of this thesis is a continuation of the
work of Aguilera et al (2013). All the work described above is also in above work has also in
(Lopes et al, 2012 & Aguilera et al, 2013).
2.4 Electrical Motors
Electrical motors are an important technology in today’s society; they power domestic
appliances such as blenders or are also use for industrial equipment such as trains. It almost
seems impossible to not use an electric motor in our daily lives (Correla, 1986). . In the comfort
of our home, electric motors will operate fans, refrigerators, and air conditioners. Researchers
are constantly looking for new ways to incorporate electrical motors into our lives.
Electrical motors function by converting electrical energy into mechanical energy by
using the energy stored in the magnetic field (Sarma, 1981). The mechanical energy (torque) is
produced when opposing magnetic fields attempt to lineup. Therefore the north pole of a
magnetic field is directly opposite to the south pole from another magnetic field (Fitzgerald,
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Higgenbothan, &Grabel, 1981). The opposing magnetic fields in a motor are generated by two
separateconcentry components, the stator and a rotor (Figure 2-4) (Correla, 1986).

PM
Stator

Electro Magnets

Rotor

Figure 2-6 Rotor and stator schematics of a three-phase DC motor

The stator is the stationary component while the rotor is the rotational component of the
motor. Usually magnetic fields are created when an electric current is applied to a set of
conductive wires wound together (Dixon, 2001). Magnetic fields can also be created using
permanent magnets (PM). Electrical motors can also work as electrical generators (Correla,
1986). Electrical devices such as generators can convert mechanical energy into electrical
energy (Correla, 1986). An example would be a wind turbine which works as an electrical
generator which converts the mechanical energy of the rotating shaft caused by wind into
electrical energy (Correla, 1986). Chapter 3 will explain the design of the electrical motor
developed using FDM.
2.5 Conclusion
The electromechanical device described throughout this thesis was fabricated using the
process interrupt method described in Kataria and Rosen (2001). Pauses are strategically placed
throughout the built for the placement of components into pre-design cavities. Malone et al.
(2008) built a simple electrostatic biocompatible actuator using conductive silicon as well as a
silicone based substrate, unfortunately, device only had a lifespan of three cycles before it failed.
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For this thesis an electromechanical device will be design to have a lifespan greater than three
cycles. Additionally Hawkins (2013) shows the fabrication of a stepper motor using a 3D
printer, but everything is done in an assembly process which can be easily be done using
conventional; manufacturing. The electromechanical device described in this thesis will be
fabricated in a single built sequence in which the rotor (rotational component) is embedded
inside of the stator (housing component). This process will have limited human iteration just for
the placement of the components where a low cost FDM system will be used.
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Chapter 3

Model and Design of a Self-Supported Electromechanical
Structures

3.1 Introduction
The three-dimensional freedom that AM technologies provides, allows a unique approach
for conformal electromechanical devices. For example, the three-phase DC motor presented in
this thesis can be fabricated in a conical shape if the intended use is in the nose of an airplane.
Alternatively, mounting brackets could be designed onto the motor increasing the freedom of
device placement within a large system on a case-by-case basis. The self-supported functional
three-phase DC motor was designed using an iteration process method. The first design iteration
was used as proof-of-concept and it helped determine a processed design of an electromechanical
structures using FDM. For the first iteration, basic components were considered in the design.
The components included in the motor are the stator, rotor and cavities for the PM,
electromagnets, ball bearings, electronic speed controller (ESC) and plug. The second design
iteration has the improvements made from the first design iteration including reduction in the
size, weight, internal temperature at the electromagnet, and building time. Additionally, a
capacitive sensor and a microcontroller were embedded into the second iteration design. The
capacitive sensor will allow the motor to turn the motor on /off, while the microcontroller will
generate the control signal needed by the ESC to operate. The capacitive sensor circuit is
composed of two resistors, a Zener diode, and copper mesh which will work as the capacitive
sensor. Each motor was designed to be built in a single sequence where the rotor will be
embedded inside of the stator. Using a processes interrupt method which allows the placement
of the components (electrical/mechanical) into pre-design cavities. Also 45 degree angle surfaces
where used to prevent the internal deposition of support material to facilitate the placement of
the components as well as to allow the manufacture of a self-supported structure. If support
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material is dispensed around the embedded rotor it will prevent its rotation, to which the removal
of the support material will be impossible. This is because the rotor component is completely
enclosed inside of the stator. Only by placing the motor in an ultrasonic bath the internal support
material can be remove which may damage the electrical components, so 45 degree angles are
needed. All of the electrical and mechanical used for the manufacturing of by motors are under
$ 10 U.S. dollars. The design of both motor was done using SolidWorks 2012 edition.
3.2 Material and FDM Selection
A magnetic field is generated around a conductive wire (e.g. copper or aluminum) when a
current passes through it. This is due to the motion of electric charges (Young, Freddman, &
Ford, 2008.) In other words, a stationary charge will produce an electric field, but once it is put
into motion, it generates a magnetic field. The direction of the magnetic field generated by a
current flowing through a wire can be easily determined by the right hand rule in which the
thumb represents the direction of the current and the curl formed by the finger determines the
direction of the magnetic field. As shown in Figure 3-1.

Magnetic field flows in a counter
clock manner do to the direction of
the current
Direction of the
current

I

Figure Error! No text of specified style in document.-1 Schematic of the magnetic field generated by a current
flowing through a conductive wire

By applying a current to wire wrapped tightly into a coil, a temporal magnet can be created
(Young et al, 2008). This is because the magnetic field is intensified, since the magnetic field
produced by the moving electrons is shared through the touching wires (Hanselman, 1994). The
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magnetic field intensity or strength produced by the coils can be determined by implementing
equation 3-1 (Hanselman, 1994)
(3-1)
where
(A),

represent the magnetic field intensity (A/m), is the current passing through the wire
is the number turns in the coil, and

is the length of the electric circuit or thickness of

the coil (m). The magnetic field intensity helps determine the magnetic field density
(Hanselman, 1994). The magnetic field density can be thought of as the magnetic field traveling
through an area and is obtained by using equation 3-2. (Hanselman, 1994)
(3-2)
where

represents the magnetic field density (T),

the coils is wrapped around (H/m), and

is the permeability of the material to which

is the magnetic field density. The permeability (

is a

measure of the amount of magnetization a material obtains when a magnetic field is applied
(Hanselman, 1994). Usually, if the wire is wrapped around nonmagnetic material (wood, plastic,
etc.) the magnetic flied density is really low. For example when wrapping a wire 50 times with a
current of three amps around a core plastic (t=0.003m) the flux density of the magnetic field will
be 0.062 Tesla. If the same wire carry in the same current is wrapped 50 times around a
ferromagnetic core (t=0.003m) such as iron, the magnetic flux density will increase by 645
percent (40 Tesla). This is because the permeability of nonmagnetic materials is equal to the
permeability of free space (

(Hanselman, 1994). When a current

travels through a coil wrapped around a ferromagnetic material or a magnetic material (e.g. iron,
nickel, and cobalt), a stronger temporal magnet or electromagnet is produced. This is because the
electrons in the ferromagnetic material will align in the direction of the magnetic field causing
the material to become magnetized due to its high permeability, thereby enhancing the magnetic
23

field (Young et al, 2008). Table 3-1 shows permeability values for selected materials (Matweb,
2013). .
Table 3-1 Permeability values for selected materials

Material
Iron
Nickel
Carbon Steel
Cobalt
Metglas

Permeability (H/m)
> 8.0×10−4
1.25×10−4
8.75×10−4
2.0×10−5 – 8.0×10−4
1.25

Typically the frame or core of the stator and rotor where the coils are wrapped in a threephase brushless DC motor is made out of laminated silicon cast iron, or carbon steel (Engelman
& Middendorf, 1995). The cast iron and carbon steel enhances the magnetic field produced by
the coils due to their ferromagnetic properties as previously explained. When a ferromagnetic
material is excited by a magnetic field, there is energy dissipated throughout the frame causing
losses. These losses are called core losses and they are composed of eddy current losses and
hysteresis losses (Hanselman, 1994). Eddy currents are induced currents on the ferromagnetic
material by the coils when a magnetic field is produced (Dixon, 1997). If the material is a
conductive eddy currents losses will be present. Due to the eddy currents, cast iron and carbon
steel used in the motor are laminated with silicon to increase the electrical resistivity of the motor
preventing the current flowing through the cast iron and carbon steel(Hanselman, 1994). Other
losses in the frame are caused by the hysteresis loop (Hanselman, 1994). The hysteresis loop is
the transformation of an electrical energy into a magnetic energy and back to an electrical energy
(Dixon, 1997). When a motor is made with a nonmagnetic core with a high electrical resistance
(e.g. polymer, wood), an ironless or coreless motor is produced (Hanselman, 1994). . In a
coreless motor, the eddy current losses and hysteresis losses are eliminated (Engelman &
Middendorf, 1995). For this study, a coreless motor was manufactured, because FDM systems
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only build with polymer materials. Ideally, a composite material with a polymer matrix and a
ferromagnetic material as the fiber will allow the building of iron core motors with the FDM
systems. The polymer matrix will make a lighter motor and eliminate the core losses while the
fiber of ferromagnetic material will enhance the magnetic field. Using the composite material to
build the motor will present some challenges. If a high quantity ferromagnetic material is placed
between the coils, it will allow the magnetic field to move from coil to coil making the magnetic
field moving perpendicular to the current weak. Additionally, large numbers ferromagnetic fibers
in the composite material will increase the weight of the motor and present problems during
fabrication such as clogging the building tip of the FDM machine.
FDM technology possesses a wide range of thermoplastic materials to choose from.
Table 3-2 shows all the current materials available for the FDM systems. ABSplus P430, a
proprietary thermoplastic polymer developed by Stratatasys Inc. was used to manufacture both
the stator and the rotor of three-phase DC motors described in this thesis. Even though ABS
ESD7 and Ultem 9085 could have been a better candidate for this project they were not consider
for this project because both material are not compatible with the low cost (uPrint SE Plus) FDM
system. Nevertheless both materials should be consider if a high cost FDM system is used for the
fabrication of electromechanical devices. ABS ESD7 has dissipative properties and Ultem 9085
for its high ultimate tensile strength (UTS), of 71.88MPa and heat deflection temperature (HDT),
of 153°C. ABSplus P430 was chosen because it is processed at low temperatures (model
temperature 280 °C, enveloped temperature 80 °C) (Aguilera et al., 2013). ABSplus P430 is the
only material processed at low temperatures from the FDM systems (Table 3-2)that helps
prevent the electrical components of the motor from undergoing thermal damage during the
build.
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Table 3-2 Building parameters for available FDM materials(Stratasys, 2013)

Material
ABSplus P430
ABS-M30/M30i
ABSi
ABS ESD7
PC-ABS
PC/Pc-ISO
PPSF
Ultem 9085

Maximum Extrusion Temperature
280 °C
320 °C
320 °C
315 °C
330 °C
365 °C
415 °C
380 °C

Maximum Oven Temperature
80 °C
95 °C
95 °C
90 °C
110 °C
145 °C
225 °C
195 °C

A uPrint SE Plus was the FDM technology chosen to manufacture the motor. This
particular machine was selected because it allows the user to remove and reinstall the building
platform at any given pause during the build with minimal registration errors. Additionally,
ABSplus P430 is the only material that can be processed with this machine. Table 3-3 displays
the mechanical properties of ABSplus P430

Table 3-3 Materials properties of ABSplus P430 (Stratasys, 2013)

Tensile Strength
Tensile Modulus
Tensile Elongation
Heat Deflection
Glass Transition Temperature
Density

37 MPa
2320 MPa
3%
96 °C
108 °C
1040 kg/m3

Due to the internal voids in the FDM parts, the density of ABSplus P430 that is published
cannot be used because it is taken from a filament and is not the actual density of the fabricated
part. The internal voids in the FDM-fabricated parts are due to an uneven tool path of the layer.
The apparent density of ABSplus P430 was measured which helps estimate the weight of the
motor at the different building settings of Catalyst EX. The density of the ABSplus P430 was
calculated using the ASTM standard D3575. A specimen with a volume no less than 1600 mm3
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was built with the uPrint SE Plus using the three different build settings in the machine (solid,

38.1 mm

spare high-dense, spare less dense). Figure 3-2 shows the D3575 specimen.

25.4 mm
Figure 3-2 ASTM D3575 specimen

The actual dimensions of the FDM build D3575 specimen were measured using a caliper
while the mass was measured using a digital scale. By applying the mass and dimensions
measured into Equation 3-3, the apparent density was determined by:
(3-3)
where

represents the density (kg/m3),

is the mass of the specimen (kg) and V is the volume

of the specimen (m3). Apparent densities of 927 Kg/m3 (solid), 744 Kg/m3 (spare-high dense),
412 Kg/m3 (spare-less dense) were measured for the FDM-fabricated parts.
3.3 First Iteration Design
This section describes the design process of the first iteration for a brushless three-phase
DC motor (Figure 3-3). This particular motor was designed to be constructed in a single build
sequence, including a rotor with six square PM Neodymium rare earth magnets (grade N42
W=3.17 mm by L=19.05mm by H=6.35 mm) inside a stator. The width and length of the PM
helps determine the size of the electromagnets as the PM needs to be centered on a slightly larger
electromagnet for proper alignment. The stator contains nine electromagnets, a speed controller,
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and a plug. The electromagnets used for the first design iteration were made by wrapping a
copper wire (ϕ= 0.32mm, L=23100 mm) around nine individual plastic cores (W=6.4 mm
L=25.4mm H=9 mm). The plastic cores consist of small rectangular prisms with grooves at the
sides. A total of 50 turns were used to manufacture each electromagnet which is the maximum
number of rotations allowed by the core design. The windings at the core were connected in
Wye formation.

Figure 3-3 First motor design and its components

Nine electromagnets and six PM were used for this motor, where the number of PM
relates to the torque and speed of the three-phase DC motor. Depending on the application of the
motor, if a high RPM is required, less PM should be used, while more PM will increase the
torque. Furthermore, the number of PM is limited by the number of PM allowed by the ESC.
For the ESC used in this motor, the maximum number of PM was six. An electronic speed
controller of 10 amps (W=12 mm, L= 24mm, H=6 mm.) and a servo lead plug (W=10.21mm,
L=20.3mm, H=3.72mm) were embedded in the stator. The rotor and stator are separated by two
single row R4 Peer radial ball bearings (ϕin= 6.35, ϕout =15.87mm, H=4.97mm) that served to
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maintain alignment between the two structures and allowed the rotor to rotate freely within the
stator.
Due to the limitations presented by the uPrint SE Plus software (Catalyst EX), some
challenges were faced. These challenges include the lack of available options and control over
the rastering and support material. This includes no option for at-will addition or removal of
support in the design to be printed. Whereas in some AM system software, the user has arbitrary
control over the use of support, design rules had to be implemented in the motor design to avoid
post-processing and other complications associated with the support material. Eliminating the
need for support is important when building internal features since access for support removal
may be difficult or impossible. In the case of the presented single motor build, moving internal
structures and electronic components were encapsulated during the build process, and
consequently, the support cannot be easily removed after fabrication. The removal process
involves an ultrasonic bath, where the device is submerged and heated in water for several hours
until all the sacrificial material has been dissolved. If water-soluble support material is required
to enable internal overhanging structural features and is subsequently removed in an ultrasonic
bath after fabrication, electronic components cannot be included in the substrate prior to this
post-process step. The minimum angle to avoid the automatic placement of support in the uPrint
SE Plus software is 45-degrees as determined through trial and error with the tool. The
electromechanical part has to be designed in a way that takes advantage of using a minimum
angle of 45-degrees for overhangs in order to avoid required support structures as shown in
Figures 3-4. The form in Figure 3-4(a) has an overhang that requires support material, while the
shape in Figure 3-4(b) has a 45-degree angle surface and it can be completed without support
material. Removing the requirement for support material has the additional advantage of faster
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fabrication by reducing total deposition time as well as eliminating the requirement for changing
between the two materials. For the motors described in this thesis, the only support material
used was for the base of the motor.

Intentional Cavity
(b)

Support material
(a)

Figure 3-4 Design comparison (a) support needed (b) no support needed

An alternative approach is to use different STL file processing software (e.g. Insight) that
allows for complete control over placement and removal of support material. Normally, the
uPrint SE Plus proprietary software automatically places support material to serve as a temporary
structure to form a cavity. For design cases like the one described in this thesis, where
components are being embedded, the user can identify that the cavity will be filled with a
component rather than maintain free space and that once embedded can double as support
material The support material is deleted from the cavity using a software such Insight. Once the
STL file of the part is imported to Insight and the tool path of the part are generated, the user can
manually remove the support material using the software. None the less if the support material is
removed from inside the cavity and no component used as a support the cavity will be built
correctly. This allows for material to be dispensed over the component and subsequently
continue the build. Direct control of deposition of the support material allows the user to
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evaluate each cavity and decide if a component is present and will act as support. The lack of
additional control provided by the uPrint SE Plus software led to the implementation of 45
degrees to indirectly avoid support material and allow for cavities inside the device where
components can be embedded
A further challenge of building the motor included the insertion of electronics into
partially fabricated structures during interruptions of the extrusion-based AM process due to the
maximum storage temperature of the components. Whereas a SL process provides a build
chamber at ambient temperature, the temperature involved in an extrusion system can be
damaging to electronic components, particularly at the extruding tip where temperatures are
substantially higher than the rest of the build chamber. Using a thermocouple the tip temperature
(while extruding) measured 200 °C and the chamber temperature was 75 °C for a uPrint SE Plus
machine. The temperature of the extruding tip is sufficient to destroy components the majority
of which have maximum storage temperatures of 150 °C or lower. For example the permanent
magnets use for this motors have a temperature limit of 80 C before the magnets becomes
weaker (Magnets4less, 2013). Additionally, the ESC has a temperature limit of 135 C before it
components become faulty. (Hobbyparts, 2013). Further studies are necessary to understand the
implications of these short durations of applied high temperatures to the functionality of the
components. By applying the 45-degree rule, the two main fabrication issues are solved in the
context of the uPrint SE Plus: 1) eliminating internal support material to maintain internal
cavities and allow for moving internal structures, and also 2) minimizing the exposure of the
components to the extruding tip. By designing 45-degree angle “roofs” over every fully
enclosed cavity, no support material was necessary; the component becomes fully contained and
the components temperatures are reduced.
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A rectangular prism (W=6.4 mm L=25.4mm H=9 mm) was given rectangular through
holes (W=3.18 mm, H=3 mm) to form an I-beam shape (Figure 3-4). This geometry was used as
the core for the electromagnets used in the motor’s first iteration. The external walls of the Ibeam shape prevented the coil from becoming unwound. All nine individual cores were made
out of ABSplusP430. A copper wire was wrapped 50 times on each plastic core keeping the
same winding orientation. The nine individual electromagnets were connect each other be
sodering the end of the copper wire and were consider as a single insertable component.. The
stator and rotor were designed separately and put together using the assembly option in
SolidWorks.

Ends of the
copper wire

Isometric View

Top View

Copper wire wrapped around electromagnet core

Figure 3-5 First electromagnet core design

The stator (Figure 3-6) of the first iteration was designed in a cylindrical shape, to allow
the even distribution of the electromagnets, as well for simplicity purposes. A solid cylinder (ϕ=
53.6 mm, l= 76.2 mm) was drawn in SolidWorks as the main frame of the stator. Three center
cylindrical cuts were implemented in the solid cylinder to form the inner cavity in which the
rotor will spin. The first cylindrical cut (ϕ= 3.57 mm, l= 60.67 mm) was made at the bottom
surface of the solid cylinder. The next cylindrical cut (ϕ= 16 mm, l= 60.16 mm) was made with
an offset of 0.51mm from the bottom surface. This small offset enclosed the rotor’s shaft. The
last cylindrical cut (ϕ= 16 mm, l= 36.90 mm) was made with an offset of 9.21 mm from the
bottom surface. This cylindrical cut housed the section of the rotor where the PMs aligned with
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the electromagnets. After the inner cavity for the rotor was created, nine prism cuts (w=7.36
mm, l= 9.14mm h=25.4mm) were made. These prism cuts were used to embed the
electromagnets. When embedding components into FDM substrates, all cavities should be
oversized by 0.254mm to compensate for the plastic shrinkage and the seam line. Each
electromagnet cavity was placed 40-degrees apart, with a 25.21mm offset from the bottom
surface. Additionally the center of each prism’s cut was 19.65mm from the origin of the solid
cylinder. Nine trapezoidal cuts (W1=3.09mm, W2=4.88mm L=2.46, and H= 2.54mm) were
made to develop a small channel which interconnected the electromagnets. This small channel
was used to route the extra copper wire which connects the electromagnets together. Each
trapezoidal cut had an offset of 41.59 mm form the bottom surface and it center was 19.01 mm
from the origin of the solid cylinder. Two additional prisms cuts were made at the top section of
the cylinder to embed the electronic speed controller and plug. The electronic speed controller
cavity (W=6.60 mm, L=34.17mm, H=17.45) was created with an offset of 51.75 mm front the
top surface of the solid cylinder, at a 47.5-degree angle from the origin. The electromagnets and
the ESC are connected by three copper wire which represent the three phase of the motor. The
plug cavity (W=10.21mm, L=33.8, H=3.72mm) of the stator had an offset of 65.48 mm from the
top surface and it was perpendicular to the speed controller cavity. Two small lateral cavities
(ϕ=1.5mm and L=7.5mm) were added to the design to assist in measuring the inner surface wall
temperature of the electromagnets and ESC. The first lateral cavity was placed in between two
electromagnets, to prevent any electrical shortage of the thermocouple or motor. The second
lateral cavity was placed 0.5mm from the electronic speed controller wall. The plug cavity was
made longer then needed to facilitate the connection from the electronic speed controller to the
plug. A plug is an important addition to the motor because it allows immediate connection to a
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power source. Nine isosceles triangular thru cuts (L= 6.88mm b=4.71mm) were generated in the
outside diameter of the stator to create grooves. Each grove reduces the weight of the motor by
12% when compared to the stator design without the grooves. Each groove’s sharp edge was
filled to form a circular profile. Additionally, the edges of the top and bottom surface were
profiled with a 45-degree angle to reduce material usage.

Figure 3-6 First stator design

The rotor (Figure 3-7) for the first iteration motor was designed in a cylindrical shape to
allow the even distribution of the PM as well to assist in the alignment of the rotor and stator. A
solid cylinder (ϕ= 30.48 mm, H= 26.56) was drawn in SolidWorks to start the rotor design. A
center cylindrical cut (ϕ= 12.70 mm, L= 27.56 mm) was generated with an offset of 2.02mm
from the top surface of the solid cylinder. This cut reduced the weight of the rotor. Six
rectangular prism cuts (W=3.56 mm, L= 7.75 mm H=20.32 mm) were made to the main body of
the rotor. These prism cuts were used to embed the PM. Each PM was placed 60 degrees apart,
with a 4.30 mm offset from the top surface. Additionally, the center of each prism’s cut was
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8.65 mm for the origin of the solid cylinder. A center 45-degree angle cone (ϕ= 30.48 mm, L=
25.4 mm) was added to the rotors top and bottom surface. These cones prevented any use of
support material as well as to reduce the drag of the spinning rotor. Two cylinders (ϕ= 3.80 mm,
L= 11.65 and ϕ= 3.80 mm, L= 8.60 mm) were added at each end of the rotor. These cylinders fit
snugly in the ball bearing, aligning the rotor with the stator. Furthermore six quadrilateral
triangular thru cuts (l=5.25mm) were generated in the outside diameter of the rotor to create
grooves. Each grove reduced the material used during the build while at the same time reducing
the weight of the rotor by 18%. Each groove’s sharp edge was filled to form a circular profile.
Note that all the cavities previously discussed with the exception of the plug have a 45-degree
angle “roof” to prevent overhangs and therefore prevent the deposition of support material inside
of the motor. The support material in the plug cavity located in the stator was removed by hand
during the building process. The plug cavity does not have a 45 degree angle “roof” since a
press fit is required to prevent any movement of the plug which may damages the internal
connections between the plug and ESC.
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Figure 3-7 First rotor design

Using SolidWorks, both the stator and rotor designs were exported into STL files. The
tooling for each file was generated using Catalyst EX software (Figure 3-8). This was done to
verify that only support material was present at the base of each structure and at the plug cavity
of the stator.

Stator

Rotor

Figure 3-8 Catalyst EX tooling generation to verify the stator and rotor as self-supported structures

After the stator and rotor were confirmed as self-supported structures, an assembly of the
motor was made in SolidWorks. Figure 3-9 shows the assembly of both components. The
assembly was aligned using two simple constraints; (1) a circumference concentric mate
allowing the rotor a concentric alignment with stator (2) an offset constraint of 3.04 mm for the
bottom surface of the PM cavity to the bottom surface of the electromagnets cavities. The last
constraint aligned the PM to the electromagnets. There was a tolerance of 1 mm between the
stator and rotor, allowing the rotor to spin freely inside the stator, without causing any contact
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Figure 3-9 First iteration design

The tolerance or air gap between the rotor and stator is important because it determines
the magnetic field density shared by the magnets, enhancing the strength of the magnet field.
Usually this distance should be kept as close as possible, but due to the limitation of the Catalyst
EX software and design constraints, 1 mm was the maximum possible distance between both
components without the use of internal support. As shown in Figure 3-10, if the air gap between
the stator and the rotor is greater than 1 mm the Catalyst EX software will recognize the inside
diameter of the stator as a straight edge, applying internal support material. Since the first
iteration design was used as a proof of concept, and a process design the second iteration design
will deal will all the improvement including reduction on weight, size, internal temperature, and
build time.
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Support materials at <1 mm air gap
distance
(b)

No support material 1 mm air gap
distance
(a)

Figure 3-10 Air gap comparison (a) no support applied (b) support applied

AM

provides

the

opportunity of

adopting a

more

volumetrically efficient

electromechanical part. For the first design iteration, the electric motor occupied a total of 98
cubic centimeters of space, which included six magnets, nine electromagnets, two ball bearings,
and an ESC, for a total of 18 components. Each of these components was placed during five
pauses within the build separated into six fabrication segments. The total AM building time of
the motor was seven hours and six minutes. Including the duration required for manually
embedding components, an additional 39 minutes are required. Out of the seven hours and 45
minutes of manufacturing time 86% of that time the motor was inside of the uPrint SE Plus only
14% was human iteration. The five process interrupts are shown in a schematic in Figure 3-11.
The first pause was used to insert the first of two ball bearings to help reduce friction and to
provide alignment between the two moving structures: the rotor and the stator. The second
process pause was used to insert the magnets inside the cavities of the rotor.

Then, the

electromagnets were placed and electrically connected in the third process interrupt and treated
as pre-manufactured components (similar to the chips and magnets) to avoid the complication of
printing the coils within the structure. The fourth process interrupt was used to insert the second
and final ball bearing that completed the two mechanical connections between the subsystems
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allowing the rotor to maintain concentric position within the stator in conjunction with the first
ball bearing. The fifth and last process pause was used to embed the plug and the ESC. The ESC
was then connected to the electromagnets. The last segment encapsulates the ESC and plug
which completes the outer volume of the motor. Once the final segment was finished, the motor
was removed. The amount of sacrificial material used at the beginning of the build was 4% of
the total material and was easily removed from the platform and also from the part. Immediately
after fabrication, only power and a control signal were required for the motor to operate.
Electrical interconnects were completed (soldered by hand) during the third process pause in
which nine electromagnets in Wye formation were connected to the ESC. The three-phase
connection from the electromagnets was coupled to the ESC with enamel wire.

Figure 3-11 Pauses in between the build

Embedding enamel wire into the thermoplastic substrate during the third process interrupt
provided the additional benefit of maintaining the position of the components during subsequent
fabrication. The enamel dielectric avoided shorts between lines as the wires shared a single
channel in the substrate. These channels also provided a flush, planar surface to continue
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thermoplastic deposition as seen in Figure 3-12 a. Connections were then hand soldered to the
ESC completing the circuit during the final pause. As described in Section 1.2, a system under
development (the MMMT) will provide the automation of a range of integrated manufacturing
technologies such as laser welding systems for a solderless and automated component connection
solution. An example of a laser-welded component is shown in Figure 3-12 b implementing a
YAG laser micro-welding system from Miyachi Unitek.

Electromagnets embedded
manually

Micro-Welding with YAG laser

Figure 3-12 Micro welding with laser and embedded electromagnets

The embedded ESC was used to control the speed of the motor and requires power and a
PWM control signal. A function generator was used to create the PWM signal of the duty cycle
which is proportional to the speed of the motor. Connecting the first iteration motor to a 12 volts
power, supply and providing the control signal to the ESC is enough to be able to start and run
the three-phase DC motor immediately after removal from the building platform. The mass,
inner wall temperature and maximum revolutions per minute (RPM) of the first motor iteration
were measured. The maximum RPM of the motor was measured at different propeller loads (1g,
3g, and 5g), utilizing a photodiode and laser system (Figure 3-13a). RPM were measured at 80
percent duty cycle of 500 Hz signal sent to the ESC. Eight percent being the maximum duty
cycle allowed by the function generator, at 500 Hz the motor has a duty cycle between 40 and 80
percent. The inner wall temperature of the motor while loaded was measured by a inserting a
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thermocouple in the lateral cavities (previously described) located at the electromagnets and
ESC. The temperature measurements were taken at one minute each. The thermocouple was
connected to multimeter to display the measured temperature (Figure 3-13b). A motor mass of
165 g was measured using a digital scale.
Function generator

Power supply

multimeter

Photodiode and laser
system
Angular velocity
(a)

Thermocouple
Temperature
(b)

Figure 3-13 Testing set up. (a) Angular velocity measurements, (b) inner wall temperature measurements

Additionally, the theoretical torque (T) of the first iteration design was calculated. The six
equations were taken from Hanselman (1994). Appendix A contains the equations used to
calculate the theoretical torque. Torque is the moment of the force ( ̅ ) whose line of action is
perpendicular from distance

from ,

being the origin. The theoretical torque of the motor

was calculated from the origin of the rotor to the outer radius of the rotor. Equation 3-5 shows
the general equation of torque
(3-5)
The force ( ̅ ) produced in the x direction by a magnet can be determined by using equation 3-6.
(3-6)
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Where

represents the number of magnet poles,

is the length of the circuit or

thickness of the electromagnet (m), is the current flowing in the coils (A),
wire turns per electromagnet and

is the number of

the air gap flux density. The air gap flux density represents

the magnetic field density in the air gap between the electromagnet and PM (Tesla) (Hanselman,
1994). The magnetic field density in the airgap is calculated using the following equation.
(3-7)
Where

is the flux concentration factor of the magnetic field at the air gap, and

is he

relative permeability of the core. Equation 3-6 is only valid if the ratio of number of
electromagnets per phase is equal to one. In other words, every time there is a rotation, the PM
and electromagnet will align. When the ratio is bigger or lower than one, the alignment will be
random. Increasing the

value has it disadvantages. As the

increases, the area of all the

teeth where the windings go in the stator stays the same, but the area of the individual teeth
decreases (Hanselman, 1994). Coils tend to be packed tighter in a larger tooth, when using a
smaller tooth; the electrical loading tends to be reduced (Hanselman, 1994). Additionally the
more teeth a stator has the more complex the winding will be. The
using equation 3-8, where
poles and

is the number of electromagnets,

can be calculated by
is the number of magnet

is the number of phases.
(3-8)

For the motor being designed, the ratio of number of electromagnets per phase was calculated to
be equal to 0.5 using equation 3-9. Due to this the

must be added to the Equation 3-6 to

compensate for the magnetic flux shared, since multiple electromagnets might be sharing one
PM. Equation 3-9 shows the new force equation.
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(3-9)
Now that the equation for force generated by a magnet is known, it can be replaced in the torque
equation, yielding equation 3-10 where

is the outside radius of the rotor
(3-10)

The RPM, inner wall temperature, torque, power input, power output and efficiency of the motor
at different loads are shown is Table 3-4. Using equation 3-10 the torque of the motor was
calculated at different loads using the current consumed by the motor at each load. When the
motor was loaded with five-gram propellers, the motor exhibited a lower efficiency (14%), but a
higher torque (0.026 N*m) while the motor was at lower loads showed lower torque but higher
efficiency. This is because when a load is applied to the motor, the ESC requires more current to
increase the torque to overcome the load. Additionally, the inner wall temperatures at the coils
exceeded the heat deflection temperature of the ABSplus P430 (97 °C) when loaded with the
five-gram propeller (102 °C), while the lighter propellers show an inner wall temperature bellow
the heat deflection temperature. The motor achieved a top velocity of 11,459 RPM when loaded
with the one-gram propeller. This velocity was reduced to 50% and 70% when loaded with the
three and five-gram propellers, respectively. This relationship shows that RPM is dependent on
the current: lower current means higher RPM. Based on the partial results of the 3D printed
motor, the motor needs to be run at low power input to minimize the possibility of the inner
walls melting, also at lower current, the motor seems to be more efficient. The current inputted
to the motor is determined by the ESC, which is the one controlling the speed of the motor. The
more of a resistance a motor presents the motor current the ESC will need to increase the torque
which will be used to overcome that resistance that is why at higher loads the motor needs more
current (Hanselman, 1994).
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Table 3-4 Partial results of the first iteration design motor

Load
(g)
1
3
5

Temperature
at Coils (°C)
64 °C
72 °C
102 °C

Temperature
at ESC (°C)
54 °C
58 °C
60 °C

RPM
11459
5,252
3,533

Torque
(N*m)
0.016
0.023
0.026

Power
Input (W)
50.76W
59.4 W
65.88 W

Power
Out (W)
19.2
11
9.62

Current
(A)
3.4
4
6

Efficien
cy (%)
45%
18 %
14 %

The first iteration motor proves that electro mechanical structures can be built with FDM
systems, but changes need to be made on the design to improve the performance of the motor.
The changes made to the design are described in Section 3-4.
3.4 Second Iteration Design
A second iteration (Figure 3-14) was made to the 3D Printed motor design to reduce the
its mass, size, and built time building time. The second iteration was manufactured in a selfsupported single build sequence similar to the first iteration motor. The new motor design
includes a rotor with six square PM Neodymium rare earth magnets grade N42 (W=3.17 mm
L=19.05mm H=6.35 mm) and a cylindrical stator to enclose the rotor and nine electromagnets. A
copper wire (ϕ= 0.32mm L=23100 mm) was wrapped around a new cylindrical core to form the
electromagnets. Each electromagnet contained 50 turns. Nine electromagnets in a Wye
formation, six PM and 50 turn per coils were used for this motor to have an equal comparison to
the previous design and confirmed that the 3D printed motor performance was improve. A
flyfun ESC 10 amps (W=12 mm, L= 24mm, H=6 mm.) and a Futaba servo lead plug
(W=10.21mm, L=20.3mm, H=3.72mm) were also embedded in the stator. Additionally a
microcontroller, two resistors, a Zener diode and a copper mesh structure were inserted at the top
of the FDM printed motor. The microcontroller generates the PWM signal to control the motor,
while the resistors, Zener diode and copper mesh structure was used to form the circuit for the
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capacitive sensor. The rotor and stator were separated by two single row R4 Peer radial ball
bearings (ϕin= 6.35, ϕout =15.87mm, H=4.97mm), that served to maintain alignment between the
two structures and allowed the rotor to rotate freely within the stator.

Figure 3-14 Second motor design and its components

The second iteration of the rotor (Figure 3-15) was designed to have the embedded PM
closer to each other; which reduced the diameter of the rotor making the motor more compact. A
cylinder (ϕ=19.75.86 mm, L=24.13mm) was drawn in SolidWorks; this cylinder will represent
the main body of the rotor. Two hexagonal (L=5.842 mm and L=9.65 mm) profiles were drawn
at the center bottom surface of the cylinder. The distance between the two hexagons (3.30 mm)
was cut out of the main body, forming the cavities for the six PM. Additionally, a 45-degree
angle “roof” was drawn to the hexagonal cutout to prevent the deposition of support materials
inside the cavities. A conical shape (ϕ=19.75.86 mm, L=7.27mm) was designed at the bottom of
the rotor with a 45-degree angle making the rotor structure self-supported. Two rods (ϕ=6.25
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mm, L=15.55mm) were included at the each end of the rotor to be pressed fitted in the ball
bearings, allowing the alignment of the rotor and stator. Finally, a self-supported conical shape
(ϕ=8.88 mm, L=1.27mm) was added to the top of the rotor, with an offset of 13.39 mm from the
top surface of the cylinder. This structure was used align the rotor with the stator so the PM are
line up to the electromagnets. The length and diameter of the stator were reducing by 37 and 10
mm respectably when compared to the first rotor design. Additionally, the weight of the rotor
was reduced by 19% when compared to the first rotor design.

Figure 3-15 Second rotor design

In order to decrease the distance between the electromagnets and PM, a new core
(Figure3-16) was designed. The new design substituted the nine individual components that
represented the core in the first iteration design. A cylindrical tube (ϕout=22.86mm,
ϕin=21.24mm, L=25.4mm) was drawn using SolidWorks, representing the main body of the core.
Nine vertical rectangular prisms (W=2 mm, L=19mm, H=6mm), equally spaced, were added to
the outer diameter of the tube. These nine rectangles were the teeth where the wire was wrapped
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to form the electromagnets. An outer wall was design around the teeth to prevent the unwinding
of the coils. This was done by drawing a larger tube (ϕout=34.6mm, ϕin=32.02.24mm,
L=25.4mm) enclosing the teeth, and then sectioning it into nine small rectangular prisms. Two
additional vertical rectangular prisms (W=3.83 mm, L=25.4mm, H=1.78mm), 200-degrees apart,
were added to the outer wall of the teeth, which work as alignment pins to align and secure the
core to the stator. The new core design also helped reduce the wrapping time for each coil,
which was caused by the continuous transition between coils while winding each phase of the
three-phases needed. Additionally, the core being a single piece assisted in maintaining the same
winding direction, as well as decreasing the inserting time of the electromagnets in the stator.
Furthermore, the new core packed the electromagnets tighter reducing the inner diameter of the
stator. Due to the improved proximity of the PM and electromagnets, the core was made out of
Ultem9085, which has a heat deflection temperature of 153 °C. This improved the heat deflection
of the previous core made out of ABSplus P430 by 60 °C, which helped prevent the melting of
the core into the rotor if high current of 6 amps are needed by the motor to operate.

Figure 3-16 Second electromagnet core design

The diameter of the new stator (Figure 3-17) was reduced in order to decrease the weight
and building time of the motor. Three cylindrical cuts were made inside a solid cylinder (ϕ=
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46mm, L= 76.90 mm) drawn in SolidWorks. The three cylindrical cuts were used to form the
internal cavity for the core, rotor, and ball bearings. The first cavity (ϕ= 57.12 mm, L= 7.16 mm)
was made at the bottom surface of the cylinder. The diameter of the cavity was slightly bigger
than the rotor’s shaft diameter. The next cylindrical cut (ϕ= 16 mm, L= 56.68 mm) was made
with an offset of 0.51mm from the bottom surface of the stator, This cylindrical cut generated
the cavities for the ball bearings as well as enclosed the rotor’s shaft. The final cylindrical cut
(ϕ= 35.1 mm, L= 25.40 mm) had an offset of 12.3 mm from the bottom surface of the stator.
This last cylindrical cut housed the rotor and core. Furthermore, two vertical rectangular slots
(W=3.83 mm, L=25.4mm, H=1.78mm) 200-degrees apart where added to the inner wall of the
last cavity, which was used to secure the core inside the stator. A lateral cavity with an offset of
35.21mm from the bottom surface of cylinder was added to inner outer walls of the stator. This
cavity was used to move the three copper connections that represent the three phases of the
motor that connect the electromagnets to the ESC. The copper connections allow the ESC to
connect to each phase in the motor located at the core. The previously mentioned cavity
improves the transition of the copper connections from one cavity to another. Previously, the
copper connections were moved between cavities from the outside of the motor, which could
damage the motor if the copper wire broke. The cavity for the ESC (W=17.32 mm, L=33.5mm,
H=6.28mm) with an offset of 0.35mm from the top surface of the
stator was placed at a 45-degree angle; this was done to minimize the space used. Moreover,
placing the ESC cavity at a 45-angle also eliminates the need of a “roof” in the cavity. The two
resistor (W=1.77 mm, L=3.02mm, H=0.5mm), Zener diode (W=.65 mm, L=8.90mm,
H=1.52mm), microcontroller (W=6.48 mm, L=6.48mm, H=1mm) and plug (W=9.28 mm,
L=28.6mm, H=3.96mm) cavities were placed in the same plane with an offset of 4.90 mm from
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the top surface of the stator. The last cavity made in the stator was the capacitive sensor cavity
(W=10 mm, L=10mm, H=0.5mm), which worked as the on/off button of the motor. The cavities
for the plug, resistor, Zener diode, microcontroller and capacitive sensor did not possess a 45
degree angle “roof”; because a press fit was required to prevent the electronics from moving. For
these cavities, the support material deposited was removed by hand at the given pause. The edges
of the top and bottom surface of the stator were given a 45 degree angle in order to reduce the
weight and building time. Additionally, six holes were added to the bottom surface of the motor
so the uPrint SE Plus could add more support material at the bottom of the motor which gave the
motor more stability when the electrical components are being embedded. Additionally the six
holes will also help release some of the heat generated by the coils. The second stator design
diameter was decreased by 10 mm, but the length of the stator was increased by 15 mm do to the
extra electrical components needed for the capacitive sensor when compared to the first stator
design. Furthermore the weight of the stator was reduced by 17 % when compared to the first
stator design.
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Figure 3-17 Stator second design

Both the stator and rotor were exported to the Catalyst EX software. This was done to
verify that only support material was present at the base of each structure as well as in the plug,
electronic speed, the two resistors, Zener diode, and capacitive sensor cavities of the stator. After
the stator and rotor were confirmed as self-supported structures, an assembly of the motors was
made in SolidWorks. Figure 3-18 shows the assembly of both components with the core. The
distance between the rotor and stator was reduced to 0.5 mm, half the gap size from the first
iteration. Also the distance form the electromagnets to the PM was reduced from 2.8mm (first
motor) to 1.2mm (second motor). Half a millimeter was chosen as the distance because it was the
minimal distance allowed before any contact between the rotor and the core, while the rotor is
spinning. This distance was limited by the seam line of the rotor. If a high end FDM system had
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been used, this distance could have been minimized because it would have allowed the
fabrication of the rotor with a finer building tip (T10, T12). The uPrint SE Plus is limit to a T16
tip size.

Figure 3-18 Second motor design

The electric circuit embedded in the build of the three-phase DC motor included a
microcontroller and a capacitive touch sensor. There were some passive components to configure
the circuit as well as a voltage divider circuit to transform the voltage from the ESC to power the
microcontroller. The MSP430G2553 was chosen as the microcontroller for its ease of use,
availability, and low power consumption. A simple capacitive touch sensor was attached to an
output of the microcontroller to be programmed to detect a change in the capacitance. The
MSP430 was also equipped with a timer that enabled a PWM signal to be easily created and
allowed the microcontroller to control the motor. The voltage divider was composed of a 4.3kΩ
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resistor and a 3.3 volts Zener diode. This allowed a drop on the voltage from the BEC of the ESC
to decrease from 5volts to about 3 volts to be able to operate the MSP430G2553. Once the
circuit was completed, there was an initialization sequence that set up the ESC. Then with a
simple touch of the capacitive sensor that was embedded inside the motor, the motor would start.
A diagram of the Circuit is shown in Figure 3-18
Diode

+

Reset

-

Resistor
Resistor

-

+
Micro
controll
er

Plug

Capacitive Sensor

Signal

Electromagnets

ESC

Figure 3-19 Schematic of the embedded electronics

The new design of the FDM motor is to be manufactured using the spares-less dense
building settings in the uPrint SE Plus. By weighing all the components that were embedded as
well as calculating the weight of the rotor, core and stator using the volumes from SolidWorks a
mass of 98.6g was estimated for the new design. This shows a mass reduction of 64.3g (59%) in
motor. Using the values from Table 3-5 and the new torque calculated by Equation 3-10, an
approximation of the new motor design behavior was made.
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Table 3-5 Partial results of the second iteration design

Load
(g)
1
3
5

RPM
11459
5,252
3,533

Torque
(N*m)
0.036
0.047
0.059

Power
Input (W)
50.76W
59.4 W
65.88 W

Power
Out (W)
19.2
11
9.62

Efficiency
(%)
45%
25%
21%

By decreasing the distance between the electromagnets and PM the theoretical torque was
increased. The partial result of the new motor (Table 3-5) shows that by minimizing the distance
between the PM and electromagnets the theoretical torque maybe increased, this will also
improve the efficiency and power output of the FDM printed motor. The manufacturing process
of the second FDM motor will be explained in Chapter 4
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Chapter 4

Manufacturing the second iteration design motor

4.1 Introduction
The 3D printed motor (Figure 4-1) was manufactured using an uPrint SE Plus, in a pause
by pause manner, with minimal human intervention. Pauses were added throughout the
build to allow the embedding of two ball bearings, six PM, a core with nine
electromagnets, two resistors, a Zener diode, an electronic speed controller, a plug and a
copper mesh for a total of 15 mechanical and electrical components

Top View
Front View
Figure 4-1 Schematic of the assembled second motor design

Each of these components was placed during six main pauses and eight minor pauses
within the build—separated into seven fabrication segments. The six main pauses represent
where each component was embedded. The eight minimal pauses are used to transfer the copper
wires between cavities to connect the electromagnets with the electronic speed controller, as well
as the copper mesh with the capacitive sensor circuit. The total building time of the AM motor
was five hours and nine minutes. An additional 31 minutes were required to manually embed
components. The built time of the second motor design was reduced by 2 hours (26%) when
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compared to the first motor design. If the total building time of the second motor is break into
uPrint time and human iteration time, 89 percent of the five hours and nine minutes are spend in
the uPrint while only 11 percent of that time is human iteration
4.2 Catalyst EX
The three-phase DC motor’s file was processed in Catalyst EX 4.4, the AM software
utilized by the uPrint SE Plus system, for the toolpath generation (Figure 4-2 a) of the part. The
3D printed motor was built upside down with the rotor’s shaft at the base and the electronics
(e.g. ESC, plug, and microcontroller) at the top. A sparse less dense, building parameter was
selected to decrease the weight of the motor by making internal mesh or a “honey comb”
structures . Within the software a total of 14 pauses were added to the build at different layer
heights (Figure 4-2b). The motor has a total of 336 layers, each layer being 0.254 mm in height.

Pause

Three –phase DC motor
processed in Catalyst EX

Three –phase DC motor with the
14 pauses

Figure 4-2 Catalyst EX tool path generation of the three-phase DC motor and its 14 pauses

When inserting a pause, Catalyst EX should always be set one layer above the desired
layer. For example, if a pause is required at layer 128 the pause should be placed at layer 129.
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This will command the Catalyst EX software to pause the build before layer 129 is built. After
the pause, the build can be easily restarted by pressing “Resume” in the control panel of the
uPrint SE Plus. The six main pauses and their layer locations are shown in Table 4-1.
Table 4-1 Pauses and their assigned layer

Pauses
st

1 Ball Bearing
PM
Electromagnets
Second Ball Bearing
ESC, Plug, Microcontroller, and Capacitive Sensor Circuit
Capacitive Sensor

Layer
0.63
1.74
1.84
2.6
3.17
3.35

A total of 47 cm3 of model material and 3.27 cm3 of support material were used in the
manufacturing of the three-phase DC motor. The second motor design size was reduced by 49 %.
Additionally, a total building time of five hours and seven minutes was estimated by the uPrint
SE Plus software.
4.3 Embedding of Components
The embedding of the electrical and mechanical components in the 3D printed motor was
done manually. The production of the motor was divided into seven fabrication segments, with
each segment containing one or more pauses. The seven process interruptions, with their
individual building times, are shown in a schematic in Figure 4-4. Alongside the electrical and
mechanical components, bare copper wire (ϕ=0.32mm), a Weller Wes51 soldering iron and
Rosin Core 60/40 solder were required for the inner connections of the capacitive sensor circuit.
The initial process interrupt pause was used to insert the first of two ball bearings (Figure
4-4a) to provide alignment between the two moving structures: the rotor and the stator. The ball
bearing was press fitted in the cavity to prevent any movement. The second process interrupt
was used to insert the six PM (Figure 4-4b) inside the cavities of the rotor. The polarity of the
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magnets were interchanged while placing the PM, which contains three PM south poles and three
PM north poles facing outwards from the rotor.
Segments and Components
Segment 1
First Ball Bearing
Segment 2
PM
Segment 3
Electromagnets
Segment 4
Second Ball Bearing
Segment 5
Electronics
Segment 6
Capacitive Sensor
Segment 7
Total Time

Time
1 hour and 12 minutes
1 minute
1 hour and 42 minutes
2 minutes
22 minutes
3 minutes
42 minutes
1 minute
33 minutes
30 minutes
21 minutes
4 minutes
7 minutes
5 hours and 40 minutes

Segment 7
Segment 6
1
Segment 5
Segment 4
Segment 3
1
Segment 2
1
Segment 1 1

Figure 4-3 Schematic of the building segment with the segment build time

Then, the single core with the nine electromagnets (Figure 4-4c), in Wye formation, was
placed inside the stator, using the guiding pins, in the third process interrupt. The electromagnets
were treated as pre-manufactured components (similar to the ESC and PM). The electromagnets
have three leads that represent the three phases in the three-phase DC motor. This leads were
placed inside the small lateral cavity located at the stator, which will help internally routing the
wires from electromagnets to the ESC. Two minor pauses were made, between the third and
fourth process interrupt, to pull the three-phase electromagnet connections up to the fourth pause
were the ESC is located. The fourth process interrupt was used to press fit the second and final
ball bearing (Figure 4-4d). This completed the two mechanical connections between the rotor
and stator, which helped maintain a concentric position of the rotor within the stator in
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conjunction with the first ball bearing. Three additionally minimal pauses were made between
the fourth and fifth process interrupt to bring the three-phase connection from the electromagnets
up the ESC cavity where they will be connected. The fifth process interrupt was used to embed
the plug, ESC, two resistors, Zener diode, and a micro controller. (Figure 4-4e) All the electrical
components were connected together by hand using bare copper wire (ϕ=0.32mm) and solder.
Only the three-phase connection from the electromagnets was coupled to the electronic speed
controller with enamel wire. The wires connecting the electrical components were embedded
directly into the polymer substrate using the joule heating method, described in Chapter 3. The
two final minor pauses were added between the fifth and the sixth process interruptions, to
transfer a copper wire from the electronics, embedded in segment 5 to the capacitive sensor
cavity in segment 6. The copper wire connects the capacitive sensor to the microcontroller. The
sixth and last process interrupt embeds the capacitive sensor (Figure 4-4f) into the FDM motor
substrate. The copper wire coming from segment five was hand soldered to the capacitive sensor
to complete the circuit. The last segment encapsulates the capacitive sensor, which completes the
outer volume of the motor. Once the final segment was finished, the motor (Figure 4.4g) was
removed. The amount of sacrificial material used at the beginning of the build is 7% of the total
material and was easily removed from the platform and part by hand.
fabrication, only power is required for the motor to operate
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Immediately after

First ball bearing
(a)

Second ball bearing
(d)

Permanent magnets
(b)

Electromagnets
(c)

Electronics
(e)

Capacitive sensor
(f)

Finalized motor
(f)
Figure 4-4 Embedding of each component and finalized motor
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Chapter 5

Results and Conclusions

5.1 Introduction
The FDM printed motors discussed throughout this thesis were evaluated to verify if the
changes made to the second design improved the motor. The mass build time, size and distance
between electromagnet and PM as well as the distance between the rotor and stator were
compared between the first and second motor design. Additionally, with the help of a
photodiode and a laser system using different propeller masses the relationship between the
constant angular velocity and load, as well as the current and load, were calculated for both
motors, to determine any differences in the performance of each motor. The results of the
analysis are described in the following sections.
5.2 Results
5.2.1 Mass, Size, Build Time, and Distance

The flowing material will compared the size, mass build time, and distances or gap between
electromagnets to PM and rotor to stator of both motors. This comparison is shown in Table 5-1
Table 5-1 Comparison of size, mass, build time, and distance for both motors

Size
Mass
Building Time
Gap (stator-rotor)
Distance (E-PM)

First Motor

Second Motor

Percent Reduction

89
165g
7hours and 45 minutes
1mm
2.8mm

50
100g
5 hours and 40 minutes
0.5 mm
1.2mm

49 %
40 %
26 %
50 %
58 %

The size of the second motor was reduced by 39

(49%). Even though the length of the

second stator design was increased by 10 mm due to the extra electrical components needed for
the capacitive sensor the total volume of the motor was less. This is mainly due to the reduction
of the diameter for both the rotor and the stator of 39 and 10 mm respectably. By using the
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sparse less dense (honeycomb like structure) build settings for the second motor the weight of
the second motor was decreased by (40%) from 165g (first motor) to 100 g(second motor). The
built time of the second motor was also improved by 26% from 7 hours and 45 minutes (first
motor) to 5 hours and 40 minutes (second motor). The build time was improved due to the
reduction in size of the second motor as well as the use of honey comb like internal structure for
the second motor. The distance of gap between the rotor and the stator were reduced in the
second motor by 50% simultaneously reducing the gap between electromagnets and PM by 56%
This was done by decreasing the radii of both the rotor and stator in the second motor. The
decrement of the gaps should improve the torque of the second motor, since more magnetic flux
density is being shared between the electromagnets and PM (Correla, 1989).
5.2.2 Constant Angular Velocity, Current and Load Analysis
The constant angular velocity for both motors was measured using a photodiode and a laser
system at different propeller masses. The propeller masses (Figure 5.1a) used for this analysis
are one, three, five, ten, and twenty grams. A function generator and a power supply were used
to operate both motors (Figure 5-1b). The function generator develops the PW signal needed by
the ESC to operate while the power supplies the current needed to the ESC. Both motor were
tested at the full capacity (80% duty cycles) of the function generator and the data is base out of
one experiment.
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Function
generator

Power supply

3 grams 1 gram
20 grams 10grams 5 grams
Photodiode and
laser system

Figure 5-1 Propeller masses and test set-up used for the testing of both motors

The constant angular velocity and the current at different load were recorded and are
shown in Figures 5-2 and 5-3. In figure 5-2 the constant angular velocity vs. load is being
analyzed. This determines how both motors are affected by the increase in load that is applied.
In figure 5-3 the current vs. the load is being analyzed. This predicts the current needed by the
ESC to over some the applied load.
Figure 5-2 displays a decrease in constant angular velocity as the load increases for both
motors. At five-gram propeller load there is a cross-over meaning the at a load lower that fivegrams the first motor show a higher constant angular velocity, but at a load higher than fivegrams the second motor design constant angular velocity is higher. Additionally, there is a
considerable drop of 79% in constant angular velocity of the first design motor when compare
the one-gram velocity to the twenty-gram velocity. The second design motor experience a drop
in angular velocity of 49% which still can ruin the performance of the motor. The second motor
is recommend for applications with higher loads (ten and twenty grams) while the first motor is
more suitable for applications with lower loads (one and three grams)
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Contant Angular Velocity vs. Load

Angular Velocity (rad/s)

1,200
1,000
800
First Motor Design

600

Second Motor Design
400
200
0
1

3

5

10

20

Load (g)

Figure 5-2 Constant angular velocity vs. load

Current vs. Load
7

Current (A)

6
5
4

First Motor Design

3

Second Motor Design

2
1
0
1

3

5

10

20

Load (g)

Figure 5-3 Current vs. load

Figure 5.3 shows an increase in current as the load increases. For the first motor design
the current increases rapidly as the load is increased. There is an increment of 43 % in current at
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one-gram when compare to twenty grams. The second motor design small increase in current
only 11% as the load increased from one-gram to twenty-grams. This increase in current is due
to the ESC. As the load increase the ESC requires more current to generate a higher torque to
overcome the load being applied (Hanselman, 1994).
5.3 Conclusions
An electromechanical structure, using an FDM system, was constructed by embedding
mechanical and electrical components into pre design cavities. The use of 45-degree angle
“roofs” as well as 45-degree angle surfaces, assisted in the manufacturing of a self-supported
structure. The usage of copper wire as a connector for electrical components, instead of the
conductive inks, allowed the manufacturing of devices that operate at high currents (>1 amp).
The second design described throughout this theses operates at 2.2 – 2.4 amps, which the copper
wire was able to handle; but currents up to 6 amps were registered at the early design stages of
device which did not show any damages to the polymer substrate. Additionally, due to the
ABSplus P430 low glass transition temperature (108 °C), the copper wire was available to be
embedded directly into the FDM part, which secured the wire as well as allowed the building of
the next layer without the FDM head crashing into the wire.
An iteration design process was made to develop the electromechanical structure, where
the first design was used as a proof of concept while the second design was an improvement of
the first design. The improvement consists of a reduced gap between the electromagnet and PM
(1.2 vs 2.8 mm), a more compact motor size (50 cm3 vs. 89 cm3), a mesh inner structure to
reduce the weight (165 g vs. 100 g) and building time of the motor (5 hours and 40 minutes vs 7
hours and 45 minutes)—as well as a capacitive sensor that will allow the motor on and off.
Additionally, a microcontroller was installed that provides the PW signal to the ESC.
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5.4 Recommendations and Future Work
Future work should include the use of a ferromagnetic core to improve the performance
of the motor. Also, the build of the motor should be made on a high end FDM system; this will
allow the removal of the support material without the need of the 45-degrees angle “roof,” which
will decrease component cavities size since a 45 degree angle will not be necessary in some
cases increasing the power to size ratio. A study on the embedding of batteries should be made
so “self-power” devices can be built. As a temporally solution an extra cavity can be made in
which a battery can be placed after the build. Additionally the location of the embedded
electronics should be improved to allow the manufacturing of cooling channels in the motor.
Since all the electronics are on the top section of the motor, this limits the placement of the
cooling channels.
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Appendix A-Torque Equations
T

Toque

F

Force

d

Distance
Number of magnet poles
Air gap flux density
Length of the circuit
Current
Number of turn per coil
Number of electromagnets per pole per phase
Number of phases
Number of electromagnets
Relative permeability
Permeability of free space
Permeability of the material
Flux concentration factor
Magnet fraction
Carter Coefficient
Magnet leakage
Permanece Coefficient
Magnetic pole pitch
Spacing between electromagnet
Angular pole pitch
Angular spacing of the electromagnets
Magnet length
Air gap length
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Stator inside radius
Rotor inside radius
Electromagnet width
General Torque Equation

Force produce by a magnet in the x direction equation

Torque produce by a magnet in the x-direction equation

Number of electromagnets per pole per phase equation

Air gap flux density equation

Relative permeability

Flux concentration factor equation

Magnet fraction equation

Carter Coefficient equation
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[

]
)

(

Magnet leakage factor equation
[

]

[

Permeance coefficient

Magnetic pole pitch equation

Spacing between electromagnet equations

Angular spacing of electromagnets

Angular pole pitch

74

]

Appendix B-Capacitive Sensor Code
#include <msp430.h>

#define LED_1 (0x01)
#define LED_2 (0x40)

// P1.0 LED output
// P1.6 LED output

// Global variables for sensing
unsigned int rolling1, measured1;
int difference1, push_down1;
unsigned int rolling2, measured2;
int difference2, push_down2;
int count;
/* System Routines*/
void measure1(void);
void setCap(void);
void powerDown(void);

// Measures each capacitive sensor p1.1

/* Main Function*/
int main(void)
{
WDTCTL = WDTPW + WDTHOLD;
// Stop watchdog timer
if (CALBC1_1MHZ==0xFF) // If calibration constant erased
{
while(1);
// do not load, trap CPU!!
}
DCOCTL = 0;
// Select lowest DCOx and MODx settings
BCSCTL1 = CALBC1_1MHZ;
// Set DCO to 1MHz
DCOCTL = CALDCO_1MHZ;
BCSCTL3 |= LFXT1S_2;
// LFXT1 = VLO
IE1 |= WDTIE;
// enable WDT interrupt
P2SEL = 0x01;
// No XTAL
P2DIR |= 0x09; // pins 0 and 3 together
P1DIR = 0x61;
P1OUT = 0x00;
P1DIR &= ~ BIT1;
P1SEL &= ~ BIT1;

// P1.0, P1.5 & P1.6 = LEDs
// P1.1 is the input used here

P2DIR |= 0x01; // pins 0 and 3 together
P2OUT = 0x00;
TA0CTL = TASSEL_3+MC_2;

// TACLK, cont mode
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TA0CCTL1 = CM_3+CCIS_2+CAP;

// Pos&Neg,GND,Cap

__bis_SR_register(GIE);

// Enable interrupts

measure1();
rolling1 = measured1;
push_down1 = 0;
count = 0;

// Establish baseline capacitance

P2DIR = 0x06;
P2SEL = 0x06;
// initializeMotor();
TA1CTL = TASSEL_2 + MC_1;
TA1CCTL1 = CM_0 + CCIS_2 + OUTMOD_7;
TA1CCR0 = 2000-1;
TA1CCR1 = 1600-1;
__delay_cycles(2000000);
TA1CCR1 = 800-1;
__delay_cycles(2000000);
while (1)
{
measure1();
difference1 = rolling1 - measured1;
rolling1 = (rolling1*31 + measured1)/32;

if (difference1 > 30)
{
push_down1 = 1;
}
if (difference1 < -30) {
push_down1 = 0;

}

if ((push_down1 == 1)) {
P1OUT = LED_1 +LED_2;
TA1CTL = TASSEL_2 + MC_1;
TA1CCR1 = 1200-1;
__delay_cycles(10000);
}
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else {
powerDown();
P1OUT = 0x00;
TA1CTL = MC_0;
TA0CTL = TASSEL_3+MC_2;
//TA0CTL = MC_1;
}
//sleep until delay
//
WDTCTL = WDT_ADLY_250;
WDTCTL = WDT_ADLY_16;
__bis_SR_register(LPM3_bits);
}
}
// End Main
/* Measure count result (capacitance) of each sensor*/
/* Routine setup for four sensors, not dependent on NUM_SEN value!*/
/*
void initializeMotor(void){
TA1CTL = TASSEL_2 + MC_1;
TA1CCTL1 = 0x00c0;
TA1CCR0 = 2000-1;
TA1CCR1 = 90-1;
}
*/
void setCap(void)
{
TA0CTL = TASSEL_3+MC_2;
// IE1 |= WDTIE;
// BCSCTL3 |= LFXT1S_2;
}
void powerDown(void){
TA1CCR1 = 1100-1;
__delay_cycles(10000);
TA1CCR1 = 1000-1;
__delay_cycles(10000);
TA1CCR1 = 900-1;
__delay_cycles(10000);
TA1CCR1 = 800-1;
__delay_cycles(10000);
TA1CCR1 = 700-1;
}
void measure1(void)
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{
TA0CTL |= TACLR;
// clear counter
P1SEL2 |= BIT1; // allow p1.1 to clock counter
WDTCTL = WDT_MDLY_0_5;
// WDT, ACLK, interval timer
__bis_SR_register(LPM0_bits+GIE);
// Wait for WDT interrupt
measured1 = TA0CCR1;
// Save result
WDTCTL = WDTPW + WDTHOLD;
// Stop watchdog timer
P1SEL2 &= ~BIT1;
}

/* Watchdog Timer interrupt service routine*/
#pragma vector=WDT_VECTOR
__interrupt void watchdog_timer(void)
{
TA0CCTL1 ^= CCIS0;
// Create SW capture of CCR1
__bic_SR_register_on_exit(LPM3_bits); // Exit LPM3 on reti
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Appendix C-Embedded Electrical and Mechanical Components
Appendix C.1 Mechanical Components

Ball Bearing
Appendix C.2 Electrical Components

MSP430G2553 Microcontroller

Resistors
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Electromagnets

Plug

ESC

Zener diode
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Copper mesh
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